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Exposure of bacterial cells to ionizing radiation damages cellular components and causes
cell death. We examined the induction of the plasmid-encoded lacZ gene in Escherichia coli
JM109 harboring pUC19 after irradiation with gamma rays. The data demonstrated that
cells irradiated with 6 or 8 kGy gamma rays lost their ability to grow on nutrient agar plates,
but retained the ability to induce lacZ gene expression by IPTG at about 10% the level of the
nonirradiated control. Thus, inactivation of cells by irradiation may provide another option
for establishing a vehicle of protein and DNA, as nonpropagating protein-producing
apparatus, albeit with lower capacity than intact cells.
Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.1. Introduction
Exposure to ionizing radiation causes damage to DNA, leading
to loss of cell proliferation capacity (Yang, Galick, & Wallace,
2004). However, this insult does not immediately cause cell
death. Indeed, the process of apoptosis in multicellular or-
ganisms takes several hours, during which nuclei are frag-
mented and cells shrink, thereby allowing engulfment of the
apoptotic cell by phagocytic cells. Apoptosis occurs in
response to several types of cell damaging-inducing stresses,
such as ionizing radiation (Lowe, Schmitt, Smith, Osborne, &
Jacks, 1993), and for the ordered process of apoptosis to
occur, many cellular functions must remain active. In others and Sciences, Osaka Pre
c.jp, mikio_kato@mac.co
and Radiation Engineer
gyptian Society of Radiat
iety of Radiation Scienceswords, the lethal dose of radiation causes critical damage to
the cells, but some cellular machinery remains intact after
irradiation.
In prokaryotic organisms, cell death does not proceed
through an apoptosis-like mechanism in response to invasive
stimuli; however, it is reasonable to assume that some en-
zymes and molecular machinery remain functional in cells
that have lost their ability to propagate due to appropriate
doses of ionizing radiation. Recently, we have reported that
the flagellar motor of Escherichia coli strain AW405 remains
active at a certain level after bombardment with a proton
beam (Kato, Meissl, Umezawa, Ikeda, & Yamazaki, 2012) and
irradiation with gamma rays (Atsumi, Fujimoto, Furuta, &
Kato, 2014), even though the cells do not retain their abilityfecture University, 1-1 Gakuencho, Sakai 599-8531, Japan. Tel./fax:
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quires several physiological processes, such as energy meta-
bolism, respiratory chains to maintain electrochemical
potential across the membrane, and many others (Berg, 2003),
these data indicate that bacterial cells exhibiting arrest of cell
growth after irradiation still retain a certain level of physio-
logical activity.
While radiation effects on bacteria have been studied
extensively in the context of DNA damages related to muta-
genesis (Cadet, Douki, Gasparutto, & Ravanat, 2005), physi-
ology in the cells going to die because of ionizing radiationwas
rarely investigated. In the present study, we examined the
expression of the b-galactosidase gene (lacZ) on a multicopy
plasmid (pUC19) in E. coli strain JM109 irradiated with gamma
rays. Since expression of lacZ is induced efficiently by lactose
and isopropyl b-D-thiogalactoside (IPTG) (Herzenberg, 1959),
which binds to the lac repressor to facilitate transcription of
the lac promoter (Jacob &Monod, 1961), the expression of this
enzyme implies that the machinery required for transcrip-
tional regulation and translation remains active. Gene-
expressing bacterial cells without growth and division po-
tential may be a promising resource for developing novel de-
livery vehicles for protein and DNA, bringing them into the
living organisms and environments. Thus, the current data
may provide insights into the mechanisms of irradiation-
induced cell damage in bacterial cells and propose a novel
method for the delivery of certain agents to applicable places.Fig. 1 e Electrophoresis of total genomic DNA isolated from
E. coli cells irradiated with gamma rays. DNA samples were
fractionated on 0.7% agarose gels. Lane 1, DNA from intact
cells (no irradiation control); lane 2, DNA from cells
irradiated with 2 kGy; lane 3, DNA from cells irradiated
with 4 kGy; lane 4, DNA from cells irradiated with 8 kGy.
The relative ratio of monomer superhelices per open
circular plasmid was evaluated by densitometry with
FMBIO-II software.2. Materials and methods
2.1. Bacterial strain and culture conditions
E. coli strain JM109 was purchased from SciTrove (Tokyo,
Japan) and transformed with the pUC19 plasmid. L-broth
contained 10 g/L polypeptone (Nippon Seiyaku, Tokyo, Japan),
5 g/L yeast extract (BD Japan, Tokyo, Japan), and 5 g/L NaCl.
Ampicillin, IPTG, and o-nitrophenyl-b-D-galactopyranoside
(ONPG) were purchased from Wako Pure Chemicals (Osaka,
Japan). An aliquot (0.1mL) of overnight culture was inoculated
into 83mL of L-broth supplementedwith 100 mg/mL ampicillin
in a 300-mL conical flask, and the sample was incubated for
9 h at 37 C with shaking. At this point, cells were expected to
be in the early stationary phase. The cells were then harvested
by centrifugation at 3000 g for 10 min and resuspended in
83 mL L-broth supplemented with 100 mg/mL ampicillin. The
cell suspensions (20 mL each) were then poured into 50-mL
Falcon centrifuge tubes (Corning Japan, Tokyo, Japan).
2.2. Gamma rays irradiation to bacterial cultures
Bacterial suspensions were exposed to gamma rays from 60Co
in a water pool (maintained at room temperature) for the
period required to administer the designated dose. Because it
took nearly 2 h to administer 8 kGy of irradiation, the first
sampling time (defined as time ¼ 0) was 2 h after the start of
irradiation. The culture for nonirradiated control was left at
room temperature without shaking for these hours. After the
irradiation period, the cell suspensions were incubated at
37 Cwith shaking. After the irradiation at the designated time(0, 2, or 24 h), the turbidities (absorbance at 600 nm) of the
bacterial cultures were measured, and aliquots (0.1 mL) of the
bacterial cultures were spread on L-broth supplemented with
1% agar to estimate the colony-forming abilities of the bac-
terial cultures. For evaluation of gene expression in bacterial
cells irradiated with gamma rays, 2 mL of each culture was
transferred to a glass test tube (18 mm in diameter) with or
without IPTG (100 mM), incubated at 37 C with shaking for an
additional 3 h, and subjected to b-galactosidase assay as
described below.2.3. Evaluation of supercoiled plasmid DNA after
irradiation with gamma rays
Total genomic DNA was extracted from aliquots of irradiated
bacterial cultures and fractionated on agarose gels by elec-
trophoresis, as described previously (Kato& Shimizu, 1992), in
order to evaluate damage to DNA structure after irradiation.
DNA was visualized by staining with ethidium bromide, and
the densities of DNA bands on the gels were evaluated using
FMBIO-II software (Takara-Bio, Kusatsu, Japan).
Table 1 e Data for bacterial cultures after irradiation.
Radiation dose (kGy) 0 6 8
Sampling time (h) 0 2 24 0 2 24 0 2 24
Cells surviving after
irradiation (cfu/mL)a
1.3  109 1.5  109 8.7  108 0 0 0 0 0 0
Cell density (OD600) 1.449 1.522 1.796 1.329 1.335 1.220 1.302 1.296 1.159
a cfu: colony-forming unit.
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b-Galactosidase activity in the bacterial cultures was exam-
ined as described (Miller, 1972), with a slight modification (b-
mercaptoethanol was omitted). In 2-mL microcentrifuge
tubes, 200 mL cells and 200 mL ONPG solution (4 mg/mL) were
added to 900 mL Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4,
10mMKCl, 1mMMgSO4), 50 mL of 0.2% sodiumdodecyl sulfate
(SDS), and 50 mL chloroform, and the mixture was vortexed
vigorously. The tubes were then incubated for 7 min at room
temperature, and the reactions were stopped by adding 500 mL
of 1 M Na2CO3. Samples were then centrifuged at 8000 rpm for
5 min, and the absorbance of the supernatants was measured
at 420 nm to estimate the amount of o-nitrophenol in each
sample. The b-galactosidase assay was performed five times
for each experiment, and means and standard deviations
were calculated.Fig. 2 e Activity of b-galactosidase after irradiation with
gamma rays. The activity of b-galactosidase was evaluated
by measuring the amount of o-nitrophenol formed by the
degradation of ONPG. Error bars correspond to the standard
deviations. Except the samples irradiated with gamma
rays at time ¼ 24, expression of b-galactosidase was
significantly induced by the presence of IPTG (compare the
bars marked with þ and ¡), as tested by Welch's t-test.3. Results
3.1. DNA damage caused by gamma rays
First, we evaluated DNA damage induced by irradiation in E.
coli cells. As shown in Fig. 1, the electrophoretic profiles of the
DNA samples indicated that the level of supercoiled plasmid
DNA (superhelix) decreased following irradiationwith gamma
rays. Superhelical plasmids became relaxed by nicking (to
obtain open circular DNA), and strand breaks caused degra-
dation of DNA. Since the chromosomal DNAwas too long to be
fractionated by 0.7% agarose gel electrophoresis, the amount
of DNA at the band marked “chromosomal DNA” was not
quantified, and comparisons of plasmid/chromosomal DNA
ratios were not useful. However, the data clearly demon-
strated that some plasmid DNA remained in the cells after
irradiation with gamma rays.
3.2. Colony-forming ability and activity of gene
expression remained after irradiation with gamma rays
At the indicated times after the irradiation, the apparent cell
density and colony-forming ability were examined (Table 1).
After irradiation, virtually no viable (active to propagate)
cells were observed in both samples (6 and 8 kGy). However,
as shown in Fig. 2, just after the irradiation and 2 h later,
bacterial cells incubated in the presence of IPTG exhibited
significantly higher expression of b-galactosidase than con-
trol cells incubated without IPTG (tested by Welch's t-test:
p < 104 for 6 kGy sample at time ¼ 0 and time ¼ 2 h, and8 kGy sample at time ¼ 2 h; p < 0.05 for 8 kGy sample at
time ¼ 0 h). Additionally, the net amount of enzyme syn-
thesized by irradiated cells (subtracted the amount synthe-
sized without IPTG induction from that with IPTG induction)
reached about 10% that of intact cells. However, after 24 h of
incubation, no induction of b-galactosidase by IPTG was
observed in gamma-irradiated samples. All of these samples
had lost the ability to grow on the L-broth agar plate, as
shown in Table 1. The results suggested that the cells retain
some active machinery required for gene expression (in-
duction of transcription by IPTG and subsequent translation)
for at least 2 h after irradiation with gamma rays, despite
having lost the ability to grow and divide. This is consistent
with the previous observation that some gamma-irradiated
E. coli cells had continued to be motile several hours after
irradiation (Atsumi et al. 2014). Low activity of gene expres-
sion at time ¼ 0 (just after irradiation) may be caused by low
temperature condition (room temperature) during the
irradiation.
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In this study, we examined the capacity of E. coli cells to
continue transcription and translation processes following
DNA damage-inducing gamma irradiation. We found that the
cells retained the ability to induce gene expression for a short
time after irradiation with cell death-inducing doses. Thus,
our data provided important insights into the mechanisms of
irradiation-induced bacterial cell death and supported the
hypothesis that irradiated bacterial cells may represent novel
vehicles for the delivery of protein or DNA.
The plasmid pUC19 is known as one of the highest copy
number plasmids in E. coli, estimated to be present at several
hundred copies per cell (Lee, Ow, & Oh, 2006). However, RNA
polymerases and ribosomes are estimated to be present in
much greater numbers: about 2000 molecules per cell for RNA
polymerases and more than 104 molecules per cell for ribo-
somes. Irradiation with gamma rays may damage many of
proteins and DNA, thereby inactivating cell growth and divi-
sion. After irradiation, some high copy number plasmids, RNA
polymerases, ribosomes, and other proteins related to gene
expressionmay be able to continue to function in nondividing
bacterial cells, at least for a short time. Referring to thework of
Kepner and Macey (1968), Kempner and Schlegel (1979)
described an equation that allowed the estimation of func-
tional molecular size based on the D37 value as follows:
Mr¼ (6.4 106)/D37, where D37 is the dose that reduces activity
to 37% (measured in kGy). Assuming that the molecular
weights of RNA polymerases and ribosomes are about 450 kD
and 2700 kD, respectively, the D37 values are estimated to be
14.2 kGy for RNA polymerases and 2.37 kGy for ribosomes.
While this estimation is only a rough calculation, it suggests
that about 8.1% and 3.5% of ribosomesmay remain active after
irradiation with gamma rays at 6 kGy (0.37(6/2.37) ¼ 0.081) and
8 kGy (0.37(8/2.37) ¼ 0.035), respectively.5. Conclusions
Irradiation causes degradation and chemical modifications to
DNA and proteins, and when the level of damage surpasses
the critical point, the cells become nonproliferative. Gene
expression capacity for a limited time may be an important
property for the development of novel vehicles for protein and
DNA transport. For example, in the process of wastewater
treatment, nonpropagating bacterial cells that express desired
enzymes can be used without affecting the environment.
Thus, our data supported the hypothesis that bacterial cell
irradiation may be used to develop novel vehicles for proteindelivery. However, further studies are required to optimize
irradiation conditions in order to achieve higher efficiency of
gene expression without permitting cell propagation.Conflicts of interest
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